Introduction {#sec1}
============

The refractory nature of ceramics is beneficial to use them as structural materials; however, it is sometimes recognized as an encumbrance, when using them as functional materials. A typical case is the protonic ceramics used for energy conversion and storage devices (e.g., fuel cells, electrolyzers, membrane reactors).^[@ref1]−[@ref4]^ The electrolyte and interconnect involved in protonic ceramic energy devices require to be fired at temperatures as high as 1700 °C for longer than 10 h to achieve high relative density.^[@ref5]−[@ref8]^ This high-temperature and long-time processes have been abhorred, not only for its energy and time consumptions but also for the volatilization of the materials, leading to the poor performance.^[@ref9]^ Moreover, when fabricating the devices (i.e., single cells and stacks), the refractory nature becomes a more severe problem because the dense electrolyte and interconnect must be integrated with the porous electrode layers, which need to have an excellent nanoporous structure for ensuring enough surface area for excellent electrocatalytic fuel oxidation or oxygen reduction reactions.

The conventional method for manufacturing protonic ceramics with desired crystal structures and microstructures is described by route 1 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The primary four steps of (a) mixing raw powders of each material by ball milling, (b) calcination of each material, (c) shape formation by pelletizing (bulks) or tape casting (films), and (d) sintering are needed. The calcination step usually is performed at a temperature higher than 900 °C for more than 10 h to obtain phase-pure ceramic powders.^[@ref10],[@ref11]^ Sometimes, the particular wet-chemistry method is used to obtain pure-phase nanopowder for better controlling the microstructure during sintering, which inevitably results in more expensive precursors and much longer preparation time (e.g., a week or so is needed to prepare fine BaZr~0.8~Y~0.2~O~3−δ~ (BZY20) powder through the modified Pechini method).^[@ref10]−[@ref12]^ The conventional sintering of protonic ceramics (e.g., BZY20) is performed at 1600--1700 °C for more than 10 h in a protecting powder bath, comprising of 90 wt % BZY20 and 10 wt % BaCO~3~ under a pure oxygen atmosphere. However, the high-temperature sintering of BZY20 directly disqualified it for the preparation of single cells or half-cells for protonic ceramic devices. Several research groups investigated many promising ceramic sintering methods for densifying ceramics.^[@ref12]^ The primary purpose of these methods was to reduce the fabrication temperature, time, and cost. The two-step sintering was proven to be able to reduce the sintering time at peak temperature into several minutes, followed by a lower temperature step for some hours.^[@ref13]−[@ref16]^ This method can reduce Ba loss and control the grain size while achieving the desired relative density at the same time.^[@ref16]^ Spark plasma sintering reduced the sintering time to several minutes by densifying the pellets in the die with the proper pressure and electric field.^[@ref17]^ Flash sintering is another promising ceramic sintering method, which can achieve high relative density within several seconds.^[@ref18]^ However, most of these sintering methods require specific equipment, high power consumption, and pressure assistance, which significantly limited the geometry flexibility of the sintered ceramics.^[@ref19],[@ref20]^ Recently, the solid-state reactive sintering (SSRS) has been discovered by Tong et al., which allows the fabrication of protonic ceramics, even single cells/half-cells in one-step with the help of sintering aids while sintering at a moderate temperature (e.g., 1400--1500 °C). However, the long-term sintering at least 12 h must be satisfied for achieving the desired crystal structure and microstructure.^[@ref100]^ Furthermore, the SSRS method still has to face the challenge of integrating a fully densified electrolyte or interconnect with porous electrodes.^[@ref21]^

![Schematic description of protonic ceramics. Route 1: Conventional ceramic-processing method and Route 2: Rapid laser reactive processing method.](ao0c00879_0001){#fig1}

In our previous work, a rapid laser reactive sintering (RLRS) technique was initially discovered for rapid sintering 3D-printed electrolyte green layers of protonic ceramic electrolytes, BZY20 and BCZYYb,^[@ref9]^ into dense films to develop integrated additive manufacturing and laser processing of protonic ceramic electrolyzer stacks. The combination of rapid heating and instant solid state reaction allowed the fast phase formation and the densification of BZY20 and BCZYYb. This RLRS technique is schematically described by route 2 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, which can be simply divided into three steps of paste preparation, 3D printing, and laser reactive sintering. A much more controllable and rapid 3D printing was added while the time and energy-consuming calcination and sintering steps were replaced by a fast and straightforward cost-effective laser scanning step.^[@ref22]^ In the present work, the RLRS technique was extensively used for processing the protonic ceramics of electrolytes, hydrogen electrodes, oxygen electrodes, oxygen/hydrogen electrode scaffolds, interconnects, and mixed conducting dual-phase composites for fulfilling the rapid integrated additive and laser processing of protonic ceramic energy devices sustainably and cleanly.^[@ref23],[@ref24]^ Not only the desired crystal structures but also the desired microstructures (e.g., fully dense or highly porous structures) were obtained by the RLRS method. The fabrication of half-cells and single cells was demonstrated. The conductivity of the electrolyte derived for the single cell measurement showed comparable values to those obtained by the furnace sintering method. The RLRS provided a corner-stone knowledge for rapid integrated additive manufacturing and laser processing of protonic ceramic energy devices and other ceramic devices.

Results and Discussion {#sec2}
======================

The X-ray diffraction (XRD) patterns of all the protonic ceramic component films prepared by the RLRS method under the optimized laser operation condition, summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} ([Experimental Section](#sec4){ref-type="other"}), are displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In general, although the interaction between the laser beam and the materials was only around several seconds, it was enough to form the desired crystal structures for all the samples. As for the BCZYYb, BCZYYb + 1 wt % NiO, BZY20, BZY20 + 1 wt % electrolytes, the LSC interconnect, the BCFZY0.1 electrode, and the BCZY63 electrode scaffold (the thin film of BCZY63 was deposited on the BCZYYb electrolyte pellet, which resulted in the existence of BCZYYb peaks), the phase-pure perovskite structure was obtained. Furthermore, the cermet hydrogen electrode based on BCZYYb electrolyte and NiO also showed the desired crystal structures of BCZYYb and NiO. There are no other peaks ascribed to impurities found. BCF is a complicated dual-phase material system comprising a cubic perovskite (BaCe~0.85~Fe~0.15~O~3−δ~, BCF8515) and an orthorhombic perovskite (BaCe~0.15~Fe~0.85~O~3−δ~, BCF1585) for using as a mixed protonic and electronic-conducting hydrogen permeation membrane, which usually is synthesized by using the modified Pechini method with extended processing time. Therefore, we can conclude that the RLRS method can achieve the desired crystal structure for extensive protonic ceramic component materials.

![XRD patterns of the protonic ceramic component films obtained by the RLRS.](ao0c00879_0002){#fig2}

###### Laser Operation Parameters for Sintering Protonic Ceramic Components

                        BZY20   BZY20 + 1 wt % NiO   BCZYYb   BCZYYb + 1 wt % NiO   40 wt % BCZYYb + 60 wt % NiO   BCZY63   BCFZY0.1   LSC   BCF
  --------------------- ------- -------------------- -------- --------------------- ------------------------------ -------- ---------- ----- -----
  laser power (W)       7       7                    2.8      2.8                   100                            10       70         85    10
  moving speed (mm/s)   1       1                    1        1                     0.2                            1        0.5        01    1
  defocus (mm)          20      20                   20       20                    30                             20       no lens    20    10

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} provides the SEM characterization of BCZYYb + 1 wt % electrolyte, BZY20 + 1 wt % NiO electrolyte, LSC interconnect, and BCF composite films obtained by RLRS. The cross-section image of the BCZYYb + 1 wt % NiO ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) clearly shows that the electrolyte films were fully dense. The relative density analyzed by ImageJ based on multiple SEM images is high than 95%. The relatively large grain size was obtained, which will be significantly beneficial to the total proton conductivity of this film. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b indicates that the most refractory protonic ceramic electrolyte of BZY20 was fully densified with the help of 1 wt % of NiO sintering aid. The grain boundary was almost entirely removed by adjusting laser operating parameters. The relative density is around 98.9%. LSC is the state-of-the-art interconnect for solid oxide fuel cells, which, however, is very difficult to be densified too. For example, the sintering at 1550 °C for 10 h usually only gets a relative density of ∼80% by the conventional method, as described in route 1 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c provides the SEM image of the LSC after RLRS for a couple of seconds, from which it can be clearly seen that the LSC has been fully densified already. The relative density is around 98.7%. The BCF composite was recently reported to be a hydrogen-permeable membrane, comprising BaCe~0.85~Fe~0.15~O~3−δ~ and BaCe~0.15~Fe~0.85~O~3−δ~,^[@ref14]^ which usually needs to utilize the improved Pechini method to achieve the desired phase composite. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows that our newly developed RLRS method can fully densify the composite BCF films for hydrogen permeation. The BCF membrane showed a relative density of ∼93%.

![SEM images of dense protonic ceramic component films obtained by RLRS. (a) Cross-section of BCZYYb + 1 wt % NiO electrolyte film, (b) cross-section of BZY20 + 1 wt % NiO electrolyte film, (c) the cross-section of LSC interconnect film, and (d) the cross-section of BCF composite film.](ao0c00879_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} provides the SEM characterization results of porous protonic ceramic components of 40 wt % BCZYYb + 60 wt % NiO hydrogen electrode, BCFZY0.1 oxygen electrode, and BCZY63 scaffold. It is evident that by optimizing the laser operation parameters, the highly porous microstructures of these three protonic ceramic component films were obtained successfully, which proved that the RLRS could also achieve porous protonic ceramic component films for working as the electrode or electrode scaffold.

![SEM images of the porous protonic ceramic components obtained by RLRS. (a) Cross-section of 40 wt % BCZYYb + 60 wt % NiO H~2~ electrode film, (b) cross-section of BCZY63 O~2~ electrode scaffold film, and (c) cross-section of BCFZY0.1 O~2~ electrode film.](ao0c00879_0004){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a further indicates that a half-cell comprising 40 wt % BCZYYb + 60 wt % NiO hydrogen electrode and a BCZYYb + 1 wt % NiO electrolyte was obtained by one-step laser scan, which proved that the RLRS could even make half-cells of the protonic ceramic device. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows that a defect-free half-cell with an active area of ∼5 cm^2^ was obtained. The obtained half-cell is nearly flat with less than a 1° angle curve-up from the side to the center.

![SEM image (a) and optical photo (b) of 40 wt % BCZYYb + 60 wt % NiO \| BCZYYb + 1 wt % NiO half-cells.](ao0c00879_0005){#fig5}

The proton conductivity of the protonic ceramic is the essential property. We screen-printed a state-of-the-art cathode BCFZY0.1 on the top of an RLRS half-cell (BCZYYb +1 wt% NiO \| 40 wt % BCZYYb + 60 wt % NiO). Under open-circuit voltage conditions (air/H~2~), the ohmic resistance of the single cells and the conductivity were measured and calculated using the thickness obtained by SEM characterization after measurement. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} provides the proton conductivity of the BCZYYb electrolyte at temperatures from 450 to 650 °C. The activation energy is around 30 kJ/mol, which is comparable to the one reported for protonic ceramics. The conductivity for the RLRS BCZYYb electrolyte is around 5.3 × 10^--3^ S/cm at 600 °C, which is also comparable to the one reported in the literature. Therefore, we can initially conclude that the RLRS method can obtain protonic ceramics with desired properties too.

![Conductivity of the BCZYYb electrolyte obtained by the RLRS method measured in the single cell operation under open-circuit voltage condition (air/H~2~ without humidification).](ao0c00879_0006){#fig6}

The cost of the RLRS and the conventional furnace sintering method was initially compared based on the laboratory-scale fabrication of protonic ceramic fuel cell (PCFC) planar single cells. The cost was estimated mainly based on electricity consumption for fabricating twenty PCFC single cells with area 10 × 10 cm^2^. For the RLRS, the electricity consumed by the CO~2~ laser scanning of anode-supported electrolyte half-cells and the laser scanning of cathodes was included in the cost estimation. For conventional furnace sintering, the two temperature programs, described in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00879/suppl_file/ao0c00879_si_001.pdf), were used to calculate the electricity consumption during the sintering process. The energy cost for the RLRS method is only ∼34% of the energy cost for the conventional furnace sintering method. The detailed analysis is shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00879/suppl_file/ao0c00879_si_001.pdf).

Conclusions {#sec3}
===========

The newly developed RLRS method was proven to be able to fabricate the electrolytes, electrodes, interconnect, gas-permeation composite, and half-cells for protonic ceramic energy devices with nine compositions. The XRD and SEM characterization showed that the desired crystal structures and microstructures for these protonic ceramic component films could be achieved. The initial conductivity measurement of protonic ceramic electrolytes prepared by RLRS showed comparable values to those obtained by the furnace sintering method. The cost estimation based on the electricity consumption for the fabrication of PCFC single cells indicated that the RLRS method is more competitive than the conventional furnace sintering method. Therefore, the RLRS method can be used for the fabrication of protonic ceramics. The RLRS is expected to be able to rapidly sinter other ceramics with controllable microstructures, desired crystal structures,and properties. The instantaneous, controllable, and cost-effective advantages of the RLRS method allow it to be integrated with additive manufacturing for rapid processing of ceramics, which can open up a new avenue for advanced manufacturing of ceramics.

Experimental Section {#sec4}
====================

The state-of-the-art protonic ceramic components of dense electrolytes (BCZYYb + 1 wt % NiO, BCZYYb, BZY20 + 1 wt % NiO, and BZY20),^[@ref9]^ porous electrodes/electrode scaffolds \[40 wt % BCZYYb + 60 wt % NiO, BaCo~0.4~Fe~0.4~Zr~0.1~Y~0.1~O~3−δ~ (BCFZY0.1) BaCe~0.6~Zr~0.3~Y~0.1~O~3−δ~ (BCZY63)\],^[@ref25],[@ref26]^ dense interconnect (La~0.7~Sr~0.3~CrO~3−δ~/LSC),^[@ref7]^ and dense mixed protonic and electronic-conduction composite (BaCe~0.85~Fe~0.15~O~3--d~--BaCe~0.15~Fe~0.85~O~3−δ~/BCF)^[@ref27]^ were chosen as model materials for the study of the RLRS processing of protonic ceramics. Green pastes of these protonic ceramic component precursors were prepared by ball-milling the raw materials of oxide and carbonate powders \[e.g., BaCO~3~ (Alfa Aesar 99.8%), Fe~2~O~3~ (Alfa Aesar 99.9%), CeO~2~ (Alfa Aesar 99.9%), ZrO~2~ (Alfa Aesar 99.7%), La~2~O~3~ (Alfa Aesar 99.9%), Cr~2~O~3~ (Alfa Aesar 99%), SrCO~3~ (Alfa Aesar 99.9%), NiO (Alfa Aesar Ni 78.5%), Y~2~O~3~ (Alfa Aesar 99.9%), and Yb~2~O~3~ (Alfa Aesar 99.9%)\] for 48 h in the stoichiometric ratio, followed by mixing of the ball-milled powder with water, dispersant, and binder, as reported in ref ([@ref9]). The green films of the component precursors were prepared either by microextrusion-based 3D printed or simple drop-coating on substrates of alumina plates and^[@ref9],[@ref28]^ fused silica or sintered the BCZYYb electrolyte pellet. The thin films with a usual thickness of ∼150 μm were deposited and dried in the ambient atmosphere for 24 h. The CO~2~ laser (Firestar TI100, wavelength 10.6 μm) was used to perform the RLRS. The laser was scanned across the green films by placing the films on a 3D-printing stage with *X*--*Y* motions to control scan speed and a *Z*-direction motion to control the degree of laser beam focus. The detailed laser operation parameters of laser power, scanning speed, and defocus distance are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for each protonic ceramic component film.

The crystal structure of each protonic ceramic component film prepared by RLRS was characterized by XRD (Rigaku Ultima IV). The laser-irradiated films were ground into powder. The XRD patterns were obtained by monochromatic Cu Kα radiation from 20 to 80° with 1°/min. The microstructures of representative protonic ceramic component films were observed by a scanning electron microscope (SEM, Hitachi S4800, Hitachi, Ltd., Tokyo, Japan).

The relative densities of the protonic ceramics were analyzed from multiple SEM images using the ImageJ software. The SEM images were imported into the ImageJ software for relative density calculation. By changing the black/white contrast (threshold) of the images, the pores can be automatically identified with significant color/contrast difference to the crystal grain/dense area. By counting the pixels of the areas of the pores and grains, we calculated the percentage of the pores and then relative densities. Each sample's relative density was measured by this method five times to achieve average values.

In this work, the proton conductivities for the cell prepared using RLRS were analyzed by electrochemical impedance spectroscopy of the single cells. The half-cell was achieved by one-step sintering of the 3D-printed 40 wt % BCZYYb + 60 wt % NiO as the anode layer and spray-coating the BCZYYb electrolyte layer together. Then, the BCFZY0.1 cathode layer was screen-printed on the electrolyte surface of the half-cells fabricated by the RLRS method. The silver paste was applied to the two electrodes as current collectors. Silver wires were used to extend electrodes to the external conducting wires. Gamry Reference 600 plus was used for electrochemical impedance data recording with a perturbation voltage of 10 mV in the frequency range of 0.005 Hz to 5 MHz at temperatures of 450--650 °C, under open-circuit voltage conditions with UHP air (150 mL/min) on the cathode side and UHP H~2~ (20 mL/min) on the anode side without prehumidification.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00879](https://pubs.acs.org/doi/10.1021/acsomega.0c00879?goto=supporting-info).Rough estimation of electricity consumption for manufacturing PCFCs and the temperature programs for the fabrication of PCFC single cells using conventional furnace sintering methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00879/suppl_file/ao0c00879_si_001.pdf))
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